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CHAPTER I 

IWI'RODUCTION 

To term S o i l  Mechanios, i n  i t s  present  s t a t u s ,  a 

science is t o  t w i s t  the t r u t h  t o  a breaking poin t .  S o i l  

Mechanics i s  s t i l l  i n  i t s  adolescence and, as long a s  s o i l  

continues t o  r e t a i n  i t s  nonisotropio and nonhomogeneous 

c h a r a c t e r i s t i c s ,  is l i k e l y  never t o  ob ta in  t h e  f u l l  growth 

of h i s  d i a t an t  r e l a t i v e s ,  Physics and Chemistry. S o i l  

Mechanics has, however, t r ave led  a long road s ince i t s  

infancy and has marked t h a t  road with many guideposts t o  a id  

the designing engineer.  It is now possible  fo r  the designing 

engineer,  on the b a s i s  of s o i l  tests and appl icable  theory,  

t o  make an approximate foreoarst of a foundat ion 's  load- 

ca r ry ing  and set t lement  c h a r a c t e r i s t i c s  b 

The primary purpose of' t h i s  thes i s  i s  t o  present  a 

aound design procedure f o r  foundations t o  be supported by 

the underlying s i l t y - sand  stratum a t  Lan F ie ld ,  Virginia.  

It i s  hoged, a l so ,  t h a t  t h e  methods u t i l i z e d  t o  o b t h  the 

sound procedure may a id  o the r  engineere i n  s e t t i n g  up design 

procedures f o r  o the r  l o c a l i t i e s .  

Seaondarily, t e s t  r e s u l t s  from both the  labora tory  

and the  f i e l d  are  included i n  order t o  present  t o  the s o i l s '  

t h e o r e t i a i a n  experimental da t a  t o  aheok e x i s t i n g  and future 
# 
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2 ,  

theory.  To enable the  t h e o r e t i a i a n  t o  apply the t e s t  

r e s u l t s  properly,  a complete c l a s s i f i c a t i o n  of t h e  s i l t y -  

sand's p rope r t i e s  i s  contained i n  Chapter I V .  

Despite the  f a c t  t h a t  many f i e l d  t e s t s  a r e  made d a i l y  

i n  t h i s  na t ion ;  the r e s u l t s  of only a few are  made ava i l ab le  

t o  the s o i l s '  engineer by means of t echn ica l  papers;  

unfortunately,  the g rea t  major i ty  of these  lack the, com- 

ple teness  necessary f o r  co r rec t  c o r r e l a t i o n .  It i s  r e a l i z e d  

t h a t  t h i s  t h e s i s  e r r s  .In t h i s  regaGd i n  a t  l e a s t  one 

instance.  This instance i s  the  f a i l u r e  t o  load a l l  t e s t  

p i l e s  t o  the u l t imate .  It i s  bel ieved,  however, t h a t  t h i s  

e r r o r ,  though important,  i s  not c r i t i c a l .  

The f i n a l  purpose of t h i s  repor t  is t o  point out and 

d iscuss  the  apparent discrepancies  i n  theory and t e s t  

r e s u l t s  s o  t h a t  an unsuspecting engineer ail1 not place too 

grea t  a r e l i ance  upon the b l i n d  use of any formula. 

The importance of each l o c a l i t y  s e t t i n g  up i t s  own 

design codes cannot be overemphasized. The semiempirical 

r u l e s  of fe red  i n  design manuals and t e x t s  f o r  the determi- 

na t ion  of safe  bear ing c a p a c i t i e s  and set t lement  es t imates  

a re  based on t e s t s  on s imi l a r  type s o i l s  from random 

loca t fons .  Since t h e r e  i s  a g rea t  variance within a s ing le  

s o i l  type,  the r e s u l t i n g  formulas are apt  t o  be u l t r a -  

conservative f o r  any ind iv idua l  community. 
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It i s  becoming increas ingly  important t o  es t imate  

set t lement  c l o s e l y  i n  the design of foundations f o r  wind 

tunnels .  A d i f f e r e n t i a l  se t t lement ,  which could be t o l e r a t e d  

i n  an ord inary  bui ld ing ,  could cause mi l l i ons  of d o l l a r s  

damage t o  a wind tunnel .  It is  est imated t h a t  a bu i ld ing  

can withstand a d i f f e r e n t i a l  set t lement  of 3/4 of an inch 

between adjacent  columns without damage; it is not incon- 

ceivable  t h a t  such a se t t lement  i n  c r i t i o a l  por t ions  of a 

wind tunnel  could render a l l  t h e  t e s t  da ta  worthless o r  

cause g rea t  magnif icat ion of' t he  f o r c e s  on the d r i v e  s h a f t  

r e s u l t i n g  i n  cos t  ly r e p a i r .  

The increas ing  pace of aeronaut ica l  science year ly  

cause8 many tunnels  t o  become ohaolete .  Them tunnel8 are 

o f t e n  re turned  t o  usefulness  by repowering and o the r  

a l t e r a t i o n s .  These changes u s u a l l y  r e s u J t  i n  a g r e a t  

add i t iona l  weight being placed on e x i s t i n g  foot ings .  Since 

underpinning i s  a very c o s t l y  i t e m ,  it is prudent t o  make a 

d e t a i l e d  ana lys i s  i n  order t o  check the foundat ion 's  

adequacy f o r  t h e  increased load. For these  reasons,  a 

knowledge of s o i l  naarohanies is e s p e c i a l l y  pe r t inen t  f o r  the 

designer  of foundations f o r  reaearch  f a c i l i t i e s .  
, 

The chapters  are  organized i n  a manner such that the 

reader  is  presented a l l  t h e  t e s t  and t h e o r e t i c a l  da t a  p r i o r  

t o  the dirroussion and recommendations, It i s  be l ieved  t h a t  

t h i s  arrangement g ives  a b e t t e r  o v e r - a l l  p i c t u r e  t o  the * 
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reader  than  t o  d iscuss  t h e  subjec t  and c i t e  t e s t  d a t a  t o  

subs t an t i a t e  the recommendations. The chapters  a re  arranged 

a8 follows: Chapters I1 and I11 f u r n i s h  background by 

summarizing the h i s t o r y  and c i t i n g  procedure and sources of  

da ta .  Chapter f V  c l a s s i f i e s  the s i l t y  sand by standard 

c l a s s i f i c a t i o n  tests,  Chapter8 V and V I  p red ic t  t h e  load- 

car ry ing  and set t lement  c h a r a c t e r i s t i c s  of the s i l t y  sand 

on the b a s i s  of labora tory  t r i - a x i a l  shear and eonsol ida t ion  

t e a t s ,  Chapters V I 1  and V I 1 1  present the load-carrying and 

set t lement  c h a r a c t e r i s t i c s  of the s i l t y  sand based on a c t u a l  

f i e l d  t e s t s .  Chapters Lx, X, and X I  d i scuss  the discrep-  

anc ies  between labora tory  predic t ions ,  f i e l d  t e s t s ,  and 

purely empir ical  methods. Chapter X I 1  contains  the summary, 

conolusion, and recommendations . 

c 



CHAP'IZR I1 

HISTORY 

It i s  estimated t h a t  the f i r s t  s tud ie s  i n  what i s  

now c a l l e d  " S o i l  Mechanics" o r ig ina t ed  i n  France about the 

s ix teenth  century.  These s tud ie s  were of e a r t h  pressure as 

appl ied t o  f o r t i f i c a t i o n s .  A n  outgrowth of the s tud ie s  was 

Coulomb's "Theory of Ear th  Pressure" published i n  1773: i t  

i s  bel ieved t o  be the  f i r s t  paper published regarding the 

c h a r a c t e r i s t i c s  of s o i l .  The next notable cont r ibu t ion  was 

made by the Br i t i sh  s c i e n t i s t  Rankine i n  1856 when he 

published a paper developing a theory of equilibrium of 

e a r t h  masses. These two t h e o r i e s  a re  j o i n t l y  termed the 

" c l a s s i c a l  t heo r i e s  of s o i l  mechanics ." 
Pr ior  t o  the twent ie th  century,  there  was not much 

advance i n  the science of s o i l s ,  $he reason being t h a t  the 

la rge  bui ld ings  of t h a t  e r a  wem framed by massive wal l s  

which could withstand la rge  set t lements  without damage. If 

the ground was obviously " s o f t  , ' I  t he  wal l s  were supported 

by p i l e s .  Despite the above, many bui ld ings  e i t h e r  

col lapsed or  were badly d i s f igu red ,  
2 

Two reasons brought the need of a knowledge of s o i l  

mechanics t o  t h e  foreground. The f i r s t  reason was the need 

f o r  economical, l a rge  bui ld ings  t o  house the g rea t  increase 

i n  i n d u s t r i a l  capaci ty;  these  bui ld ings  had l i g h t  e x t e r i o r  

5 
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walls  which were suscept ib le  t o  d i f f e r e n t i a l  se t t lement ,  

The second reason, p r i n c i p a l l y  i n  Europe, was t h a t  the 

s c a r c i t y  of land area  was fo rc ing  bui ld ing  i n  loca t ions  

which had previously been avoided because of poor B o i l  

condi t ions  , 

Within a sho r t  period a f t e r  t h e  t u r n  of the  century,  

s c i e n t i s t s  made grea t  s t r ides  i n  t h i s  f e r t i l e  f i e l d ,  

Dr. K a r l  Terzaghi was the foremost i nves t iga to r ;  i n  1925, 

he authored the f i r s t  book on t h e  subjec t  of s o i l  mechanics. 

It seemed l o g i c a l  a t  t h a t  t i m e  t h a t  a new f i e l d  of exact  

s t r u c t u r a l  ana lys i s  was j u s t  "around the corner ." However, 

as theory  and t e a t  r e s u l t s  oontinued to  show discrepancies ,  

it became obvious t h a t  only approximate f o r e c a s t s  could be 

made due t o  the nonhornogenity of the s o i l .  

The t rend  now seems t o  be away from prec ise  mathe- 

mat ica l  theory  and i n t r i c a t e  t e s t i n g  ani3 toward making more 

accurate  assumptions. Better r e s u l t s  a re  now obtained with 

s impl i f ied  formulas once the mode of f a i l u r e  is  v isua l ized  

than w i t h  r igorous theory.  The s o i l s '  engineer bases  his  

v i s u a l i z a t i o n  on s tudy  of pas t  f a i l u r e s  and on a study of 

the c h a r a c t e r i s t i c s  of var ious type s o i l s  , 

Research work in  s o i l s  is s t i l l  gaining momentum i n  

the race  t o  ndprow t h e  gap between theory and r e a l i t y .  

Among the leaders  i n  various research and educat ional  



i n s t i t u t i o n s  spec ia l i z ing  t o  a g r e a t  ex ten t  i n  s o i l s  i n  this 

country a re  the  following: 

U. 3. Corps of Engineers 

Public Roads Administration 

S t a t e  Highway Depts. of Michigan, 

Ca l i fo rn ia ,  and Virginia 

American Society of C i v i l  Engineers 

Harvard Univers i ty  

Massachusetts I n s t i t u t e  of Technology 

The leading count r ies  i n  the study of s o i l  mechanics, 

i n  add i t ion  t o  the United S t a t e s ,  a re  Qrea t  B r i t a i n ,  Russia, 

and Sweden. 

Although the re  i s  no pe r iod ica l  devoted s o l e l y  t o  

soil mechanics, many pe r iod ica l s  accept gapers on the 

subjec t .  The leading source of iMormation is t he  Separates 

p r i n t e d  by the  Soil Mechanics and Foundation Divis ion of t h e  

American Socie ty  of Civil Engineers.  



CHAPTER I11 

METHOD OF PROCEDURE AMI) SOURCES OF DATA 

There a re  th ree  main types of da t a  used i n  th i s  

t h e s i s ,  They are  as follows: 

(1) Laboratory t e s t  da ta  

( 2 )  F i e ld  t e s t  da t a  

( 3 )  Theore t ica l  formulas 

Since NACA has no s o i l s  laboratory,  p r iva te  f i r m s ,  

o ther  government agencies,  and various u n i v e r s i t i e s  have 

been contracted t o  do the labora tory  t e s t  work. On most 

l a rge  NACA cons t ruc t ion  g ro jeo t s ,  some type of s o i l s  

i nves t iga t ion  i s  requi red .  These i nves t iga t ions  always 

r equ i r e  borings and labora tory  t e s t s ;  I n  some instances ,  

recommendations f o r  design procedure are requested.  The 

author i s  responsible  f o r  specifying the magnitude of t h e  

inves t iga t ion  required,  what type t e s t s  a re  t o  be made, 

and, f i n a l l y ,  f o r  checking and approving the work of the  

con t r ac to r ,  In  t h i s  capaci ty ,  the following consul tan ts  
e 

have performed labora tory  Inves t iga t ions?  

Wm. S. House1 of Universi ty  of Michigan 

Edward S. Barb.er of Universi ty  of Maryland 

Waterways Experiment S t a t i o n  - U. S.  Corps Engr. 

Hal l s r  Test ing Labors-ct3&ries, In0 . * 

Raymond Conorete Plle Company 
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I n  h i s  capac i ty  of s o i l s '  s p e c f a l i s t ,  the  author 

wr i t e s  the spec i f i ca t ions  f o r  all p i l e  foundations and o the r  

earthwork, On a l l  l a rge  p ro jec t s ,  t e s t  p i l e s  are spec i f ied .  

During t h e  p i l e  load t e s t i n g ,  the author supervises t h e  t es t  

and records p e r t i n e n t  d a t a ,  A t  the conclusion of t he  t e s t ,  

the author recommends the length  of p i l e  t o  be dr iven.  Tes t  

p i l e  da t a  obtained i n  t h i s  manner a re  included i n  the t h e s i s .  

Theore t ica l  formulas and methods of analysis  are 

obtained from t e x t s  and s c i e n t i f i c  papers.  A l l  t e x t s  noted 

i n  the b4fA@encm& .yere used f o r  t h i s  purpose but ,  by f a r ,  

t he  most u s e f u l  source of da ta  was SOIL MECHANICS I N  

ENGINEERING PRACTICE by Terzaghi and Peck. 

Br ie f ly ,  t h e  method of procedure followed i n  the  

t h e s i s  i s  a s  follows. The first s tep i s  the s i f t i n g  and 

inves t iga t ion  of the labora tory  t e s t s  t o  determine the  

prinoiplkl c h a r a c t e r i s t i c s  of the s o i l .  The second s t e p  

involves the  app l i ca t ion  of these  c h a r a c t e r i s t i c s  by means 

of recognized theory  t o  foundation design, The next s t ep  

i s  t o  determine the soil's c h a r a c t e r i s t i c s  by inves t iga t ing  

the  r e s u l t s  o f  a c t u a l  f i e l d  t e s t s  and to  apply these charac- 

t e r i s t i o s  t o  foundation design, The f i n a l  step I s  t o  
J 

i nves t iga t e  and d iscuss  t h e i r  compatibi l i ty ,  o r  lack thereof ,  

and t o  recommend 8 method f o r  f u t u r e  foundation design. 



CHAPTER I V  

DETERMINATION OF SOIL CLASSIFICATION 

I n  order  f o r  the t e s t  r e s u l t s  and sett lement d a t a  

contained elsewhere i n  t h i s  t h e s i s  t o  be properly c o r r e l a t e d  

wi th  s o i l s '  theory,  it is e s s e n t i a l  t h a t  the t e s t e d  s o i l  be 

properly Iden t i f i ed .  For t h i s  reason, complete d a t a  con- 

cerning boring records,  gradat ion curve8, l i qu id  l i m i t ,  

p l a s t i c i t y  index, and n a t u r a l  dens i ty  a r e  presented. 

The subso i l  a t  Langley F ie ld ,  a f t e r  pene t ra t ing  the 

f i r s t  5 t o  15 f e e t ,  i s  a f i n e  silty sand w i t h  s h e l l  fragments 

extending t o  an undetermined depth; NACA has taken borings 

exceeding 100 f e e t  without f i n d i n g  a change i n  t h i s  stratum, 

I n  1939, t h e  Layne At lan t ic  Company, i n  search of 

a r t i s i a n  water t o  cool  t he  generators  i n  -the NACA Generating 

P lan t ,  unsuocessfully d r i l l e d  two holes  500 and TOO f e e t  

deep, ^According t o  RACAfs  chief  cons t ruc t ion  inspector ,  t he  

auger was s t i l l  br inging  up the grey s i l t y  aaM.  T h i s  s i l t y -  

sand stratum extends a l l  over t he  lower Virginia  peninsula 

aocording t o  the representa t ive  of t h e  Raymond Concrete P i l e  

Company i n  charge of the  boring crews. 

NACA has had approximately 50 w e l l  sca t t e red  borings 

made on the  base: t he  boring 1 

Figure 4-1, is presented a s  r ep resen ta t ive .  The standard 

aampling procedure, of a weight of 140 pounds f a l l i n g  

shown on the next page, 

10 
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30 inches on a 2-inch outs ide  diameter spoon was followed; 

t h e  number of blows required t o  d r i v e  the  spoon 1 f o o t  i s  

designated the r r ( 3 ~ ~ 1 1  penet ra t ion  value . Except f o r  minor 

v a r i a t i o n s  i n  the r r G ~ w "  penet ra t ion  value,  a l l  bor ings 

r evea l  p r a c t i c a l l y  the same subso i l  condi t ion  once t h e  top  

. layers  a re  penetrated.  These upper s t r a t a  show wide 

variance a t  d i f f e r e n t  loca t ions ;  however, they a re  usual1.y 

less dense and highly  compressible. Since t h e  rrGow" pene- 

t r a t i o n  value i s  a measure of the s o i l l s  dens i ty ,  it should 

be noted t h a t  t h e r e  i s  no evidence of increas ing*dens i ty  of 

t he  s i l t y  sand a s  depth increases .  Sands are c l a s s i f i e d  into 

r e l a t i v e  d e n s i t y  groups on the b a s i s  of t h i s  pene t ra t ion  

tes t :  NACAfs s o i l ,  f a l l i n g  i n t o  the 10 t o  30 blow group, is  

c lassed  a s  "mediumfq sand by t h i s  t e s t .  

re fe rence  13. ) 
(See page 294, 

A study of the  g r a i n  s i z e  makeup of the s i l t y  sand 

from t h e  grada t ion  c h a r t s  is very revea l ing  as it ind ica t e s  

the ex ten t  of homogenity of the s i l t y  sand over a wfde area.  

To i nd ica t e  the t r u t h  of t he  above statsment,  two graphs 

have been prepared. 

samples f r o n  f i v e  widely m a t t e r e d  p r o j e c t s  on the base.  

Figure 4-3 compares t h i s  s c a t t e r  with the s c a t t e r  obtained 

Figure 4-2 is a p l o t  of r ep resen ta t ive  

from the samples from one pro jeb t .  

The grada t ion  curves shown on Figure 4-2 a11 ahow the 

883118 c h a r a c t e r i s t i c s ,  t h a t  i s ,  the  complete absence of large 
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s i z e  g ra ins ,  the sharp dec l ine  of t h e  curve between s i eves  

No. 70 and No. 100, and the  l i n e a r i t y  i n  t h e  s i l t  and c l a y  

region.  I n  the matter  of the l a rge  s i z e  g ra ins ,  an inspec- 

t i o n  of the sieves, a f t e r  running a gradation, r evea l s  t h a t  

p r a c t i c a l l y  a l l  t h e  s o i l  sample f a i l i n g  t o  pass the No. 70 

and l a rge r  s i eves  a r e  s h e l l  fragments. The sharp dec l ine  

s i g n i f i e s  t h a t  the s o i l  is not w e l l  graded; as a matter  of 

f a c t ,  approximately 60 per  cen t  of the s o i l  f a l l s  within the 
* 

narrow confines  of 0.1 t o  0.8 mm i n  g r a i n  diameter. The 

leveling-off of the curve i n  the  s i l t  and c l a y  region means 

t h a t  t hese  small g ra ins  a re  well graded f o r  maximum d e n s i t y  

so t h a t  t h e i r  varying s izes  might enable them t o  fill the 

voids  between the sand g ra ins .  Figure 4-3 i s  s e l f -  

sxplanat  o r  y . 
Probably t h e  most important information t o  be gleaned 

from graaa t ion  curves i s  the s o i l ' s  c l a s s i f i c a t i o n .  The 

method of c l a s s i f y i n g  s o i l s  i s  yet f a r  from standardized: 

there a re ,  perhaps, a dozen d i f f e r e n t  methods now i n  use. 

One of  the most popular, Figure 4-4, i s  the t r i angu la r  

diagram developed by the Public Roads Administration. The 

Boil  t o  be c l a s s i f i e d  i s  approximately 80 per cent  sand; 

thus,  by the, PRA c h a r t ,  the, s o i l  could be termed e i t h e r  
"sand" o r  nsandy-loml.tt 2 

A very simple and sens ib l e  method is  now gaining i n  

use and i s  preferab le .  It c o n s i s t s  merely i n  giving t h e  
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FIGURE 4-4 
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8011 the  name of i t s  major cons t i t uen t  and modifying i t  with 

the ad jec t ive  of i t s  next cons t i t uen t ,  The s o i l  would, 

thus,  be c l a s s i f i e d  as  " s i l t y  sand." 

I n  c l a s s i f y i n g  a s o i l ,  it i s  a l so  usefu l  t o  note i t s  

"e f f ec t ive  s i z e "  (Dlo) and i t s  "uniformity c o e f f i c i e n t "  ( U ) .  

These terms are a rough measure of the  s o i l ' s  permeabi l i ty  

and g ra in  s i z e .  D10 
curve oomparing t o  10 per  cent  f iner . .  

i s  the  g r a i n  diameter on t h e  grada t ion  

In t h i s  case,  

D10 0.05 mm. Slnce U i s  equal t o  D60 + D ~ o ,  2 3.4. 
Tests p a r t i c u l a r l y  use fu l  f o r  c l a s s i f y i n g  clayey o r  

s i l t y  s o i l s  a re  t h e  l i q u i d  l i m i t  (b), the p l a s t i c  l i m i t  

(Pw), and the p l a s t i c i t y  index (Iw). The Corps of Engineers, 

l a  terways Experiment S t  a t  ion,  Vicksburg , M i  ss i s s i p p i  

( re ference  4) r a n  the above t e s t s  on the s i l t y  sand; they  

repor ted  the  approximate values of = 35 and Iw = 6 a s  

evidence of "low p l a s t i c i t y . f 1  

( re ference  41, a f te r  running s i m i l a r  t e s t s ,  aimply reported 

the s i l t y  sand a8 "nonplast ic , t l  

The Haller Test ing Laboratories 

Other c h a r a c t e r i s t i c s  of tlze s i l t y  sand which have 

been determined by t e s t s  a re  tabulated below: 

Natural  water content = w = 23 t o  33 per cent  

Dry weight i n  place = yd = 85 t o  95 p . c  .f. 

Natural  void r a t i o  = e = 75 t o  ZOO, per cent  
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To sum up, the s o i l  under inves t iga t ion  i s  c l a s s i f i e d  

as a sa tu ra t ed  s i l t y  sand (approximately 80 per  cent  sand) 

of  neg l ig ib l e  p l a s t i c i t y  which extends t o  an undetermined 

depth without an appreciable  change i n  densi ty .  

5 



CHAPTER V 

BEARING CAPACITY BASED ON LABORATORY TESTS 

It i s  important t o  touch b r i e f l y  upon the  many 

d i f f i c u l t i e s  hampering the s o l l s  engineer from making an 

exact so lu t ion  of u l t imate  bear ing capac i ty  even with the 

use of labora tory  t e s t s  t o  determine the  s o i 1 ' 8  

c h a r a c t e r i s t i c s  . 
The problem of computing the u l t imate  bear ing 

capac i ty  of continuous foo t ings  has perhaps been more f u l l y  

inves t iga ted  t h e o r e t i c a l l y  than  any other  foot ing  problem, 

The reason I s  twofold: (1) I t s  importance since it is 

encountered f r equen t ly  and ( 2 )  8 t ransverse section can be 

taken which r e s o l v e s  t h e  ana lys i s  i n t o  a plane s t r a i n  

problem, To solve t h i s  plane s t r a i n  problem, a l l  t h a t  one 

needs t o  assume is: 

(1) Angle of i n t e r n a l  f r i c t i o n  = constant  T 

( 2 )  Shearing r e s i s t a n c e  of the s o i l  = s 

( 3 )  Cohesion value of the soil = constant  = c 

(41 
( 5 )  

n 

Smooth base of the f o o t i n g  

Unit weight of soil = y 

Approximate values of y, c ,  and $ can be 

obtained from laboratory t r i - a x i a l  shear tes ts .  The 

value s can be found by the equation 
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where p is t he  normal pressure.  The d i f f i c u l t y  which 

a r i s e s  is t h a t  t h e  bases of foo t ings  a re ,  without exception, 

rough r a t h e r  than smooth, Thus, approximations have to  be 

made i n  order t o  ob ta in  a so lu t ion .  An approximate so lu t ion  

has been obtained by Terzaghi by assuming tha t  wedge I, 

Figure 5-1, a c t s  with the  foot ing.  He then d iv ides  t h e  

subgrade i n t o  R a h i n e  zones which can be solved independently 

f o r  equilibrium. Zone I is the ac t ive  Rankine zone, zones X I  

a re  termed the zones of r a d i a l  shear,  and zones I11 the  

passive Rankine zones. The so lu t ion  f o r  a general  shear 

f a i l u r e  is 

Qd = 3 cNc + yDfNq + 1 yBEIy) ( 
where 

&d = ul t imate  load per f o o t  on foo t ing  

B =! width of foo t ing  

Hc, Nq, and Ny = dimensionless f a c t o r s ,  func t ions  of 

Df = depth of foundation below grade l e v e l  

Values of' Nc, Nq, and Nr are  given in Figure 5-2 

f o r  var ious values of pf. There is ,  however, an i m p l i c i t  

assumption made i n  t h i s  ana lys i s ;  the assumption is  t h a t  the 

foo t ing  remains ho r i zon ta l .  It is unfortunate ,  indeed, t h a t  

a l l  foo t ings  f a i l  by t i l t i n g  due t o  some nonhomogenity o f  

the soil. Thus, the foo t ing  will f a i l  a t  some load l e s s  
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than &d. 
f a c t o r ,  the above equation is probably the  bes t  avai lable  

But s ince  there is  no way t o  es t imate  the  tttilt" 

f o r  es t imat ing  purposes. 

Professor W i l l i a m  S. House1 of the University of 

Michigan, feelin@; no doubt t h a t  the exactness has already 

been lost, presents  a simpler mathematioal solution 

( reference 6 )  by making the following simplifying 

a s  sump t ions : 

(1) 4 5 O  t r i a n g u l a r  zones of s l i d i n g  

( 2 )  For  s i l t y  sand c l a s s i f i e d  i n  ohapter  I V ,  

s =, a constant  = c E = 6j 
Figure 5-3 i l l u s t r a t e s  h i s  method; f r e e  bodies a re  taken of' 

each t r i a n g l e ;  by p lac ing  t h e  sum of the v e r t i c a l  and hor i -  

zon ta l  forces equal  t o  zero for each triangle, four equations 

are  found which are  s u f f i c i e n t  t o  solve the four unknowns 

P i ,  Pz, P3, and Qd. The so lu t ion  obtained i s  

r 

Not even approximate t h e o r e t i c a l  formulas have yet 

been developed f o r  square o r  c i r c u l a r  footings'.  The b e s t  

a v a i l a b l e  formulas are  semiempirical based on ao tua l  t e s t  

da ta ;  t hey  are: 

(1) For c i r c u l a r  foot ings of rgdius  r 
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( 2 )  For square foo t ings  of side b 

(5.5) 
&ab = b 2 (1.3CNc + yDfNq f o.4ybNy) 

The values  of Nc, Nq, and My are  given i n  

Figure 5-2. 

Equations (5.2), (5.3)) and (5.4) w i l l  now be appl ied 

t o  some sample problems i n  order t o  check t h e i r  agreement 

and t o  ob ta in  some idea as t o  the  bear ing value of  t he  a i l t y  
* 

sand. 

It i s  f i rs t  necessary t o  es t imate  j6 and c from 

t r i - a x i a l  shear t e s t s .  

t o  present r e s u l t s  of a l l  ?xi-axial  shear t es t s  which have 

been run  on the s i l t y  sand. Figure 5-7 is a composite plot 

Figuree 5-4 through 5-6 a re  included 

of the average r e s u l t s  from f o u r  p ro jeo t s .  For s u b s t i t u t i o n  

i n  the equat ions previously obtained, the average values of 

c = 0.33 ton per square f o o t  and 

comparison w i l l  be made w i t h  ao tua l  f i e l d  t e s t s .  

= 24' w i l l  be used s ince 

The ca lcu la t ed  u l t imate  load per f o o t  on a 31-0'' wide 

foo t ing  located 3 ' - O f *  below grade b y  equations (5.2) 

and (5.3) is: 

(1) By equation (5.2) Qd = 30 tons per foo 

= 10 tons per square foot 
1 ( 2 )  By equation (5.3) Q4 = $ tons per f o o t  

Q = 2 tons per square foot 
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The g r e a t  variance obtained i n  u l t imate  loads f o r  a 

foo t ing  by use of d i f f e r e n t  equations i s  evidence t h a t  8 

formula alone w i l l  not solve the s o i l s  engineer’s problems. 

The f o p m l a  is only one t oo l  which the s o i l s  engineer uses 

wi th  h i s  other t o o l s  of common senae and experience i n  

deciding upon an allowable bearing value.  

Later i n  t h i s  t h e e i s ,  t e s t  r e s u l t s  on a 1-foot p la t e  

and on a 2-foot square p l a t e  w i l l  be presented: for 

comparison purposee, t h e o r e t i c a l  f a i l u r e  loads by 

equation (5.5) have been ca lcu la ted .  The r e s u l t s  are 

(1) l - foot  square p l a t e  (no surcharge) 

Qdb = 11 tons 

(2) 2-foot square p l a t e  (no surcharge) 

&db = l.J+ tons  

P i l e s  o a r r y  t h e i r  u l t imate  load Q by a combination 

of po in t  r e s i s t a n c e  (Qp) and sk in  f r i c t i o n  (Qf), 

cases ,  one o r  the other I s  neg l I&ib le  and the p i l e s  are 

3b sdtme 

termed e i t h e r  ffpoint-hearingti  o r  “ f r i o t i o n ”  p i l e s .  Thus, 
n 

the following equation i s  easily derived: 

t Qp can be ca lcu la t ed  by equation (5.4) but  since 

there i s  no t h e o r e t i c a l  ana lys i s  yet developed t o  ob ta in  f, 
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from labora tory  tes ts ,  Q cannot be ca lcu la t ed .  Load t e s t s  

a r e  the only  way t h a t  Q can be obtained accurately.  

However, f o r  design purposes when load tests are  not 

ava i l ab le ,  t h e  recommended procedure i s  t o  es t imate  f, 

from t r i - a x i a l  shear t e s t  r e s u l t s  o r  from empir ical  values 

f o r  s o i l  types a s  tabula ted  i n  standard s o i l  t e x t s .  

Figure 5-8 i s  a p l o t  of estimated u l t imate  p i l e  c a p a c i t i e s  

f o r  var ious lengths  based on the  following assumptions: 

(1) r = 6 inches 

(2) fs = c = 666 pounds per square f o o t  

( 3 )  p l =  2 4 O  

(4) Qp obtained from equation (5.4) 
( 5 )  y '  = submerged u n i t  weight = 35 p.c . f ,  

An inspec t ion  of Figure 5-8 revea l s  t h a t  p i l e s  dr iven  

i n  the s i l t y  sand are pr imar i ly  " f r i c t i o n "  p i les .  For a 

40-foot p i l e ,  the d i v i s i o n  i s  approximately 75 per cent  

f r i c t i o n  and 25 per  cen t  po in t  r e s i s t a n c e .  

Using the  r e s u l t s  from equations (5.2) and (5.6)  w i t h  

a recommended s a f e t y  f a c t o r  of 2-1/2 (it is  f e l t  t h a t  the 

aseumption t h a t  (d' = 0 i n  equat ion ( 5 . 3 )  i s  u l t r a -  

conservat ive)  s the following approximate allowable bear ing  

values are obtained: 

(1) For spread foo t ings  
J 

qa = 4 tons  per  square f o o t  

(2) For a 40-foot p i l e  

&a = 23 tons 
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CHAPTER VI 

ESTIMATED SETTLEWNT BY LABORATORY 

CONSOLIDATION TESTS 

It i s  acknowledged t h a t  an exact p red ic t ion  o f  

expected sett lement cannot be made except i n  except ional  

cases .  In  most cases ,  the subso i l  i a  not  uniform and, also, 

there  i s  always some disturbance of  the soil i n  tak ing  an 

"undisturbed" sample f o r  labora tory  t e s t i n g .  It is, however, 

necessary t h a t  the designer  be able t o  es t imate  approximately 

the expected sett lement 80 t h a t  he w i l l  be i n  a p o s i t i o n  to  

recognize what f a c t o r s  a re  negl ig ib le  and which a re  l i a b l e  

t o  caum trouble ,  necess i t a t ing  c lose  inspec t ion  during the 

cons t ruc t ion  per iod.  

The t h e o r e t i c a l  so lu t ion  i s  made up of the following 

components: (1) t h e  determination of the v e r t i c a l  pressure 

a t  various depths under the load by means of Boussinesq's 

s t r e s s  equations,  ( 2 )  the labora tory  consol idat ion t e s t s  on 

r e p r e s e n t a t i m  samples, and ( 3 )  the de te rmimt ion  of the 

set t lemekt  from use of the  a c t u a l  v e r t i c a l  pressure i n  

conjunction w i t h ,  t he  laboratory t e s t  r e s u l t s .  

To o u t l i n e  the procedure f u l l y ,  t he  p i l e  cap shown 

on Figure 6-1 w i l l  be inves t iga ted  f o r  i t s  estimated 

set t lement .  
e 
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VERTICAL PRESSURES UNDER A LOADED PILE FOUNDATION 
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The f i r s t  s tep  i s  t o  assume a plane of t he  p i l e  load 

appl ica t ion .  It i s  usually assumed t o  be two-thirds the  

length of the p i l e  from t h e  top  b u t  t h i s  is only a rough 

approximation s ince t h e  loca t ion  of s a id  plane depends a l s o  

on the c h a r a c t e r i s t i c s  of  the s o i l  and the  magnitude of the  

load . 
For the  case under inves t iga t ion ,  the plane of p i l e  

load app l i ca t ion  i s  assumed t o  be a t  e l .  -15,. The v e r t i c a l  

pressure (p,) a t  t h i s  e l e v a t i o n  i s  thus:  

Boussinesq developed the  following equation f o r  the 

determination of v e r t i c a l  pressure a t  any point ,  e i t h e r  

d i r e c t l y  below o r  l a t e r a l l y  diaplaoed beneath the load: 

5/2 
pv - 

where 

z = v e r t i c a l  distancle from load appl ica t ion  

r = hor i zon ta l  d i s tance  from c.g. of load 

L = load 

Equation (6 .1 )  i s  e a s i l y  solved by use of an 

inf luence cha r t  developed by N. Y. Newmark. Bis cha r t  is 



shown on Figure 6-2 f o r  an influence value of 0.005. 

c h a r t  i s  used i n  t h e  following manner: the  p lan  of the 

loaded area i s  drawn to  a s c a l e  such t h a t  z i s  equal t o  

the length of l i n e  AB, t he  p lan  i s  then located such t h a t  

the point  r i s  a t  the cen te r  of the c h a r t ,  the number of  

blocks o r  "influence areas"  enclosed by the p lan  are  then 

counted, and pv i s  equal t o  the product of 0.005, the  

number of influence a reas ,  and t h e  pv a t  z = 0. 

The 

For z = 10 and r = 0, the number of blocks enclosed 

by the  p i l e  cap 1 9 '  x 13' is 1x3 so t h a t  

The v e r t i c a l  p ressures  thus computed a re  tabulated on 

Figure 6-1. 

The next s t s p  i s  t o  determine thebcoef f ic ien t  of 

volume compress ib i l i ty  (m,). 

of t h e  labora tory  pressure-void r a t i o  curve (Fig.  6 - 3 ) ,  

the  ca l cu la t ed  v e r t i c a l  pressures ,  and the following 

equation: 

This i s  accomplished by use 

I.1( 

8 ,  - 8 - v 

mv - Apv(l + eo) 

eo = void r a t i o  a t  o r i g i n a l  pressure 

e = void r a t i o  a t  loaded pressure * 
Ap, = loaded pressure - ofiglnr?ll pressure 
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FIGURE 6-2 

WLUENCE CHART FOR VERTICAL PRESSURE 
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For example, mv w i l l  be ca lcu la t ed  for a depth of 

20 f e e t  below grade. 

e f f e c t i v e  pressures  are p l o t t e d  aga ins t  depth below grade , 

I n  Figure 6-4 ( a ) ,  the overburden and 

This  graph i n d i c a t e s  an overburden pressure of 1.0 k.s.f and 

a t o t a l  pressure of 4.5 k . s . f .  a t  20 f e e t  below grade. 

The void r a t i o s  f o r  the above pressures  are taken 

from Figure 6 - 3 .  The following r e s u l t s  are  thus obtained 
.I 

f o r  20 f e e t  below grade: 

po = 1.00 k . s . f .  80 = 0.945 

p = 4.50 k . s . f .  e = 0.895 

Theref o re ,  

mv =: -+ = 0.0073 s,.f , / k i p s  3.5 1.9 5 

The p l o t  of mv aga ins t  depth below grade is 

obtained i n  t h i s  manner and i s  shown on Figure 6-4 ( b ) .  

The total t h e o r e t i c a l  sett lement i s  given by the 

following formula: 

This equat ion is most e a s i l y  solved by graphica l  

The product i n t eg ra t ion  i l l u s t r a t e d  on Figure 6-4 ( e ) .  

of mv an4 pv I s  p l o t t e d  versus depth and inclosed area 

i s  equal t o  the se t t lement ;  i t  should be noted t h a t  this 

is t r u e  dimensionally. For the i l l u s t r a t e d  cam:  



R 
0 
H 

2 
L2 0 

R 



= 0.350' = 4.2" 6T 

Thus, f o r  the case inves t iga ted ,  the estimated 

set t lement  would be approximately 4-l/4 inches.  

The on ly  d i f fe rence  i n  computlng t h e  est imated 

set t lement  f o r  a spread f o o t i n g  i s  t h a t  t h e  plane of the 

applied load i s  a t  the bottom of the foot ing .  A sample 

so lu t ion  f o r  a spread foo t ing  is  shown on Figures 6-5 
and 6-6. A compressor foundation was chosen f o r  i l l u s -  

t r a t i v e  purposes; t h e o r e t i c a l  ca lcu la t iona  p red ic t  a 

set t lement  of approximately 1 inch. 

The time r a t e  of consol ida t ion  i s  e s p e c i a l l y  important 

t o  the engineer s ince  set t lement  during cons t ruc t ion  is 

usua l ly  not damageable . The designer  i s  mainly concerned 

with the amount of set t lement  a f t e r  t h e  bui ld ing  linea have 

been f i n a l l y  set ,  the  wal ls  p l a s t e red ,  e t c .  

Neglecting secondary consol idat ion,  consol idat ion 

t h e o r e t i c a l l y  proceeds according t o  t h e  following formula: 

H2 t" = T, (6.4) 

where 

t = t i m e  

T, = t i m e  f a c t o r  f o r  percentage of consol idat ion i n  time 

H = one-ha= thickness  of .the consol idat ing layer 

c, = c o e f f i c i e n t  of uonsol idat ion 

t 

t 
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FIGURE 6-5 

VERTICAL PRESSURES UNDER A SPREAD FOOTING 
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T, i s  a func t ion  of the  per cent  of eonsol ida t ion  

( U $ ) .  Figure 6-7, from reference 11, is  a graph showing 

how T, v a r i e s  with respec t  t o  Us. It i s  usua l ly  assumed 

i n  the case of an i n f i n i t e ,  o r  very l a rge ,  compressible 

stratum t h a t  H i s  equal t o  the width of the foundation 

s ince  the  consol idat ing pressure becomes negl ig ib le  a t  a 

depth approximately equal t o  twice the  width.  The c o e f f i -  

c i e n t  of consol ida t ion  can be determined only by l abora tory  

t e s t  s ince i t  ia a funot ion of permeabili ty;  f o r  t h e  grey 
m 

s i l ty -sand  stratum, Mr. Edward S. Barber ( re ference  1) found 

an approximate value of cv  = 2 square f e e t  per day. 

The procedure f o r  obtaining a t h e o r e t i c a l  graph of 

se t t lement  versu8 time has thus  been es tab l i shed .  The 

t o t a l  set t lement  is ca lcu la t ed  from equat ion ( 6 . 3 )  and is 

made equal t o  100 per cent  consol idat ion.  The t i m e  f o r  

o ther  percentages o f  sett lement t o  take place are then 

computed by equat ion (6.4) w i t h  the a i d  of Figure 6-7. 

Graphs of t ime-sett lement r e l a t i o n s  for both the 

i l l u s t r a t i v e  problems a re  presented i n  Figures 6-8 and 6-9. 

J 
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CHAPTER VI1 

BEARINO. CAPACITY AS REVEALED BY FIELD TESTS 

F i e l d  load t e s t s  are  more important f o r  p i l e  

foundations than  f o r  spread foot ings  The reason f o r  this  

i s  t h a t  t he re  are  no t h e o r e t i c a l  t o o l s  ava i l ab le  which allow 

the  engineei t o  solve for the value of skin f r i c t i o n  on the 

p i l e  while he i s  able  t o  approximate by theory the  u l t imate  

load f o r  a spread foo t ing ,  Load tes ts  .are e s s e n t i a l  on a 

la rge  p r o j e c t  s ince it  is  the only method by which the 

foundat ion 's  s a f e t y  f a c t o r  can be determined. 

The sk in  f r i c t i o n  can be determined e i t h e r  of two- 

ways by load t e s t a .  The f i r a t  method i s  t o  tes t  t o  f a i l u r e  

by the  standard v e r t i c a l  load tes t .  If the f a i l u r e  i s  

gradual,  the f a i l u r e  load should be considered t h a t  which 

causes a 2-inch se t t lement ,  The t e s t  is made by jacking the  

load on the p i l e ;  the jack must be c a l i b r a t e d  and r e a c t  

aga ins t  e i t h e r  a loaded box o r  a s t e e l  beam anchored to 

o the r  p i l e s .  I n  t h i s  way, the u l t ima te  load (Q) can be 

determined, -From chapter  V, i t , is  known t h a t  th is  u l t ima te  

load i s  equal t o  t he  sum of the poin t  bear ing load (Qp) and 

f r i c t i o n  load (Qf). Ultimate sk in  f r i c t i o n  per square f o o t  

i s  determined a s  follows: 

48 
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o r  so lv ing  f o r  f,: 

Q - Q  =P 
2TrrDf c7.u  

&p can be approximated by equat ion (5.4) and the 

value of f, determined. 

The second method is by a tens ion  o r  "pul l ing" t e s t  

to f a i l u r e .  In  t h i s  t e s t ,  t he re  i s  no end bearing and, 

thus,  Qf i s  equal to the  u l t ima te  load. Ultimate s k i n  

f r i c t i o n  per square f o o t  i s  determined a s  follows: 

QC 

f, = 2 2  (7.2) 

T h i s  equat ion is ,  of ooupse, i d e n t i c a l  w i t h  

equation (7.1) since Q - €+, = Qf. 
Figures  7-1 through 7-17 present  the r e s u l t s  of a l l  

p i l e  teats made by RAGA; a l s o  included are photographs and 

sketohes of p i l e  t e s t  setups.  On t h e  p i l e - t e s t  graphs, the 

following inf'ormation is  furnished: 

(1) Settlement load curve 

( 2 )  Boring log with Oow pene t r a t ion  value and p i l e  
J 

l ength  and cut-off indioated 
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FIGURE 7-8 

PILE TEST SETUP--FLIGHT RESEARCH HANGAR 



TEBTICAL TEST LOAD ~ G E M E X T - - T E S T  PII;ES NOS. 4, 5 9  BM) 6-- 
FLIGHT RESEaRCH ELANGAR 
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FIGURE 7-13 

GFREBAL SETUP, TEST PIIJ3 NO, 1, U.P.D.T. 
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FIGURE 7-14 

eTEMERaL SETUP, TEST F I B  BO, 2, U,P,D.T. 
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FIGURE 7-13 

TEST PILE SETUP, U,P.D.T. 
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( 3 )  Type of p i l e  

(4) Contractor i n s t a l l i n g  p i l e s  

Q I QP Qf 

60 tons 4 tons 46 tonls 

85 12 73 

107 4 93 

75 18 57 
* 

( 5 )  Method of loading 

( 6 )  Date t e s t ed  

2mDf f s 

95 3.f. 0.48 t , s , f .  

44 1.66 

126 73 

L44 *40 

( 7 )  Capacity by the Engineering News Record Formula 

when dr iv ing  information i s  ava i lab le  

To compute f,, it  is necessary t h a t  the p i l e  t e s t  be 

c a r r i e d  t o  f a i l u r e ;  it i s  r e g r e t t e d  t h a t  a l l  piles were not 

so t e s t ed .  However, e i t h e r  because of t e s t i n g  t o  f a i l u r e  o r  

because of a high capac i ty  t e s t ,  much information can be 

obtained from the following p i l e  t e s t s :  

(1) Test  P i l e  No. 2 - Aircraf t  Loads Building 

( 2 )  Test  P i l e  No. 3 - F l i g h t  Research Hangar 

w i g .  7-61 
( 3 )  Teat P i l e  - Water Tower Foundation (Fig. 7-16) 

(4) Test  P i l e  No. 2 - 8 - ~ o o t  Office Building 

Addition (Fig.  7-17) 
The following r e s u l t s  a r e  obtained f o r  the above: 

c 

Pi le  

TP No. 1, ALB 

TP No. 3,  FRH 

TP, Watep 
Tower 

TP No. 2 
8-Ft OB 



Thus, a maximum value of f a  = 3320 p.8 .f ., a minimum 

value of  

has  been determined, 

P, = 800 p . s . f  , and an average value of 164.0 p.8.f. 

A p l o t  of ul t imate  p i l e  c a p a c i t i e s  f o r  various 

l0ngtk8 based on the aver age t e a t  -determined value of sk in  

f r i c t i o n  i s  presented as Figure 7-18. 

An inspec t ion  of Figure 7-18 revea l s  t h a t  the p i l e s  

are S r i m a r i l y  the  ' Ifric t ion" type , 

d i v i s i o n  i s  approximately 87 per oent f r i c t i o n  and 13 per 

For a 40-foot p i l e ,  the 

cen t  end bearing. 

Two plate tests were made i n  1947 a t  the 16-foot 

tunnel s i t e  t o  determine an allowable s o i l  pressure f o r  t h e  

foo'tings of an a u x i l i a r y  e l e c t r i c a l  bu i ld ing .  The r e s u l t s  

of t h e m  t e a t s  are  preaented i n  Figure 7-19, 

F i e l d  p l a t e  tes ts  do n o t  give r e s u l t s  as re l iab le  a s  

those obtained from a p i l e  t e s t ,  T h i s  i s  p r imar i ly  because 

a p l a t e  does not appsoach a f o o t i n g  i n  s i z e  and a f u l l - s c a l e  

tes t  is seldom run because of expense involved. Bedides the 

s i z e  f a c t o r  i t s e l f ,  i t  l a  poss ib le  t h a t  the tests# being 

made on such small areaa,  a r e  not  run  on a t rue repre-  

s e n t a t i v e  mi1 condi t ion.  

There is# however, an important piece of information 

t o  be noted from the tes ts ,  Both the, mode of fa i lure  and 

the c h a r a c t e r i s t i c s  of the load-settlement curve r evea l  that 
-- 

the soil f a i l s  by "general" shear r a t h e r  than t t local t '  ahear, 
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ULTIMATE PJX3 LOADS BASED ON TEST-DETERMINED SKIN FRICTION VALUE 
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This is important s ince t o  make a t h e o r e t i c a l  a n a l y s i s  i t  is  

necessary t o  assum a mode of f a i l u r e .  The analysis  made i n  

chapter V was based on a "general" shear f a i l u r e .  

Using t h e  results of the load t e s t s ,  average fs f o r  

p i l e s  and minimum yield point  for spread foot ings ,  and 

applying a s a f e t y  f a c t o r  of 2-1/2, the following allowable 

bearing values  are  obtained: 

(1) For spread footings 

qa = 2 tons per square f o o t  

( 2 )  For a @foot pi le  

Q, = 45 tons 

n 
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CHAPTER VI11 

ACTUAL SETTLEXl3NT BY FIELD RECORD 

Periodic set t lement  readings a r e  taken of NACA 

f a c i l i t i e s  f o r  two reasons.  The primary reason i s  t o  

a n t i c i p a t e  t rouble  so t h a t  c o r r e c t i v e  s t e p s  can be taken 

p r i o r  t o  damage . Secondarily, these readings w i l l  enable 

the  designer t o  reduoe his  s a f e t y  f a c t o r  f o r  unknowns and 

thereby reduce the  c o s t  of  foundat ions,  

P 

Settlement can be divided i n t o  three components; 

they are: 

(1) . E l a s t i c  sett lement which i s  propor t iona l  t o  the 

load by Hookets law 

Primary consol ida t ion ,  which i s  the reduct ion 

of voids due t o  the  squeezing out of the water 

from the  inoreased load 

Secondary consol ida t ion  which i s  the gradual 

adjustment of t he  s o i l  g ra ins  due t o  the 

reduct ion  i n  voide 

Extreme caut ion  was exerc ised  i n  the  placing of the 

bench marks on the  foundation and, wherever poss ib le ,  

e l eva t ions  were es t ab l i shed  p r i o r  t o  a l l  loading. I n  both 

c a m 8  t o  be presented,  t h e  se t t lement  readings represent  

the t o t a l  of the th ree  components. 

-. 
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Approximate 

evaluate  t h e  f i r s t  

made t h e o r e t i c a l l y  

formulas and theo ry  a r e  ava i l ab le  t o  

two components bu t  no progress has been 

w i t h  regard t o  secondary consol idat ion.  

Secondary consol idat ion f s charac te r  1st i c s  can be 

inves t iga ted  on ly  by observation and set t lement  readings 

over a period of t ime. One important f a c t  has  been 

uncovered; it i s  t h a t  secondary consol idat ion set t lement  

va r i e s  with the log o f  t ime. This f a c t  i s  of grea t  value 

s ince i t  becomes evident  t h a t ,  a f t e r  set t lement  readings are 

kept  over  a pe r iod  of t h e ,  f u t u r e  sett lement can be 

est imated.  

Figure 8-1 i s  the  set t lement  f i e l d  record of the p i l e  

foundation inves t iga ted  t h e o r e t i c a l l y  i n  chapter V I .  It 

i n d i c a t e s  t h a t  set t lement  is progressing l i n e a r l y  w i t h  the 

log of t i m e ,  t h a t  is, secondary consol idat ion.  Sett lement 

t o  da te  i s  approximately 1/2 inch; ex t r apo la t ion  of the 

graph t o  estimate f u t u r e  set t lement  i s  given on Figure 8-2. 

Settlement t o  da te  i s  roughly one-half t he  expected 25-year 

se t t lement .  It should be noted tha t  the  e l a s t i c  and prlmary 

consol idat ion set t lements  are  neg l ig ib l e .  

n 

The set t lement  f i e l d  recopd of the Freon compressor 

foundation, a l s o  invest igated . i n  chapter V I ,  i s  presents8  a8 

Figure 8-3. 

previously presented p i l e  %oundatian18 graph. 

exception is  the v a r i a t i o n  from t h e  s t r a i g h t  line se t t lement  

t 

The c u w e  shows s imi l a r  c h a r a c t e r i s t i o s  t o  t h e  

The om 
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versus log t i m e  r e l a t i o n s h i p  a t  approximately T O O  dags. 

This  may be explained by v ib ra to ry  e f f e c t s  sinc6 the com- 

pressor  was i n  constant  use during t h a t  period. A tendency 

t o  r e t u r n  t o  the  p r i o r  slope has been noted r e c e n t l y  while 

the  compressor was inoperat ive but it i s  too soon t o  dray 

any conclusions 

To sum up, f i e l d  sett lement readings t o  da te  have 

ind ica ted  t h a t  primary consol ida t ion  i s  unimportant while 

secondary consol ida t ion  ha8 t o  be carefully watched and 

provided f o r  i n  the design. 



d CHAPTER IX 

CORRELATION OF THEORY AND TEST 

RESULTS--BEARING CAPACITY 

It might be provident a t  t h i s  poin t  t o  review b r i e f l y  

the s a l i e n t  po in t s  which have been e s t ab l i shed  previously i n  

t h i s  thesis w i t h  regard t o  load-carrying c h a r a c t e r i s t i c s .  

It has been emphasized t h a t  only c e r t a i n  problems have been 

solved t h e o r e t i c a l l y  and t h a t  these r equ i r e  judicious use of 

labora tory  r e s u l t s  i n  order  t o  obta in  even an approximately 

accurate  answer. O t h e r  problema, beyond the  realm of 

present  theory,  can be handled only  by an "educated" guess; 

l abora tory  t e s t s ,  however, may serve a s  a b a s i s  f o r  the 

guess. Field t es t s  a re  regarded as t h e  ac id  t es t  from which 

the re  is no r epea l ;  thus,  no theory i s  r igorous ly  c o r r e c t  

but s e ~ v e s  a s  an est imat ing bas i s  only. 

The design of' spread foot ings  a r e  i n  the f i rs t  

category, t h a t  f o r  which the re  i s  theory  avai lable  which 

should give a reasonably accurate fo recas t  of i t s  bear ing 

capac i ty ,  F r i c t i o n  p i l e  foundations a r e  i n  the  second 

category f o r  which no t h e o r e t i c a l  so lu t ion  h a s  been 

developed and, thus ,  a design b a s i s  can be  obtained only  

by "educated" guessing. 
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There a re  c u r r e n t l y  th ree  methods i n  general  use f o r  

es t imat ing the  car ry ing  capac i ty  of a f r i c t i o n  p i l e .  

The most used and misused a re  various p i l e  dr iv ing  

formulas.  This  method i s  a holdover from the p r e - s o i l  

mechanics age and continues i n  favor  by i n e r t i a  and ease of 

use;  an inves t iga t ion  of t h i s  method i s  contained i n  

chapter X. 

Despite the lack of the development'of a t h e o r e t i c a l  

ana lys i s  f o r  f r i c t i o n  p i l e s ,  some important progress has 

been made. Recently, load tes ts  have been made on p i l e s  t o  

determine the d i s t r i b u t i o n  of sk in  f r i c t i o n  over t h e  depth 

of a p i l e ,  These t e s t s ,  by means of s t r a i n  gages placed a t  

varying dspths  r evea l  t h a t  the s k i n  f r i c t i o n  i s  p r a c t i c a l l y  

uniform ( re ference  3 ) .  
The value of the u l t imate  sk in  f r i c t i o n  which the 

soil surrounding t h e  p i l e  can withstand i s  the only obs tac le  

i n  way of a complete t h e o r e t i o a l  ana lys i s ;  there  i s ,  however, 

no way t o  evaluate  sk in  f r i c t i o n  by l abora tory  t e s t .  Hence, 

t he  o the r  two methods of e s t i m a t i n g  the p i l e ' s  capac i ty  both 

guess a value of u l t imate  sk in  f r i c t i o n .  The most r e l i a b l e  

method i a  t o  assume the value of sk in  f r i c t i o n  equal  t o  

8011's cohesion value determined by the t r i - a x i a l  shear 

tes t .  This method wag used in chapter  X and i s  conservative 

s ince it  makes no allowance f o r  the inereerrled bear ing 

capac i ty  due t o  the granular  f r ic r t iona l  p rope r t i e s  of the 
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s o i l .  The second method is t o  pick a sk in  f r i c t i o n  value 

f o r  the s o i l ' s  c l a s s i f i c a t i o n  from t a b l e s  cantained i n  texts  

of s o i l  mechanics. This  method, while g r e a t l y  preferable t o  

the dynamic p i l e  f o m u l a  method, is not used ex tens ive ly  

mainly because those who are f ami l i a r  with it are a l s o  i n  a 

pos i t i on  t o  use the f k a t  method which i8 more r e l i a b l e .  

For eva lua t ion  of the aacuracy obtainable  from theory 

f o r  use i n  spread foo t ing  design, the r e s u l t s  of p l a t e  t es t s  

i n  chapter  V I 1  can be u t i l i z e d .  These r e s u l t s  show t h a t  
* 

a c t u a l  f a i l w e  occurred a t  approximately 16 k i p s  per square 

f o o t .  The fol lowing r e s u l t s  were, thus, obtained by t e s t :  

For a 1-foot p l a t e  

Qdb = 8 tons 

For a 2-foot p l a t e  

Qdb = 32 tons 

The t h e o r e t i c a l  a n a l p i s  made i n  chapter  V r e s u l t e d  

i n  the following predic t ions :  

For a 1-foot p l a t s  

It may be noted that the aoil i n  a c t u a l  f i e l d  t e a t  

f a i l e d  p r i o r  t o  reaahing i t 8  t h e o r e t i c a l  ul t imate  load.  



81 

This was t o  be expected because, 8s pointed out i n  chapter  V, 

theory assumes t h a t  p l a t e  remains ho r i zon ta l  without t i l t i n g ,  

whereas, i n  r e a l i t y ,  a l l  foundations t i l t  to  gome ex ten t  

which reduces i t s  bear ing capaci ty .  However, t h i s  i s  a 

recognized f a c t  and i s  taken in to  account i n  choosing the 

s a f e t y  f a c t o r .  

Supposing, for purposes of i l l u s t r a t i o n ,  we take the u 

t h e o r e t i c a l  f a i l u r e  load of 11 tons per  square f o o t  am3 

apply a sg fe ty  f a c t o r  of 2-1/2. 

allowable load of 8800 pounds per square foo t .  Reference t o  

Figure 7-19 shows t h i s  t o  be i n  the  e l a s t i c  range of t h e  

8011 a s  revealed by the load t e a t .  It has,  thus,  been shown 

t h a t  t h e o r e t i c a l  ana lys i s ,  while not r e s u l t i n g  2n an exact  

so lu t ion ,  does give a s a t i s f a c t o r y  approximate answer which 

i s  a l l  t h a t  can be expected. 

Thls r e s u l t s  i n  a design 

The es t imates  of  p i l e  capac i ty  obtainable  from quasi-  

t h e o r e t i c a l  methods w i l l  now be compared with the  r e s u l t s  

obtained by load t e s t a .  

A t ab l e  i n  reference 13 giVSS a range of u l t imate  

sk in  f r i c t i o n  values of 400 t o  1000 pound8 per square f o o t  

of contac t  a rea  f o r  p i les  embedded i n  sandy 8 i l t ,  the 

c l o s e s t  c l a s s i f i c a t i o n  t o  s i l t y  sand given. 

g raph ica l ly  depic t8  the comparison of the r e s u l t s  obtained 

by using these empirioal values with the r e s u l t s  obtained 

by load t e s t .  It should be noted t h a t  even with the use of 

Figure 9-1 
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the highest  value from the t a b l e ,  the  design would be u l t r a -  

conservative.  The following r e s u l t s  are  taken from 

Figure 9-1 f o r  a 4.0-foot p i l e .  

By load t e s t  

Q = 115 tons  

From empir ica l  values 

f,  = 1000 p.s . f .  

f, = 400 p.s.f. 

Q = 70 tons 

Q = 3 3  tons 

Thus, by us ing  the load t e s t  r e s u l t s ,  the foundation 

cost  could be reduced approximately 40 per cent  over using 

a f s  

mately 70 per cen t  over using a 

square foo t .  A 8  pointed out previously,  these  empir ical  

value of 1000 pounds per  square f o o t  and approxi- 

f, value of 4.00 pounds per 

value8 are  presented only  as a i d  t o  guessing and no claim 

is made a s  t o  t he i r  accuracy; D r .  Terzaghi says i n  t h i s  

regard,  ". . . t a b l e s  serve o n l y  a s  a guide f o r  making 

prel iminary est imates .  Rel iable  information cannot be 

obtained without performing loading an8 pu l l ing  t e a t s  on 

f u l l - s i z e d  p i l e s  in the f i e ld t t  ( re ference  1 3 ) .  

Estimating the pile capac i ty  on the bas i s  of 

labora tory  tes t ,  using f, = 0 ,  gives s imi l a r  conaervativs 

r e s u l t s ,  as shown on Figure 9-2. For a 4.O-foot p i l e ,  a 

saving of approximately 50 per cent  could be r e a l i z e d  by * 

u t i l i z i n g  the r e s u l t s  of f i e l d  t e s t s  in l i e u  of the 
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cons tan ts  determined by labora tory  t e s t .  The est imated 

capac i ty  was known t o  be conservative sinoe bear ing  from 

cohesion was considered s o l e l y .  I t s  d i f fe rence  i n  bear ing 

c a p a c i t i e s  is e a s i l y  explained by the  s o i l ' s  granular  

c h a r a c t e r i s t i c s ;  t h a t  i s ,  increased load i s  necessary t o  

overcome f r i c t i o n  between i r r e g u l a r  gra ins  t o  enable them 

t o  r o l l  over one another.  

It has thus been e s t ab l i shed  t h a t  Laboratory t e s t s  

and theory a re  a grea t  a i d  i n  evaluat ing the bear ing 

capac i ty  of a spread foo t ing  but p r a c t i c a l l y  worthless i n  

es t imat ing  a pile f s  capaci ty .  



CHAP!t'ER X 

INVESTIGATION OF ACCURACY OBTAINED BY 

EMPIRICAL FIXE FORMULAS 

This chapter  should be unnecessary since soils 

theory 'clearly s t a t e s  t h a t  empir ical  p i l e  formulas a re  not 

appl icable  t o  f r i a t i o n  type p i l e s .  However, the author has 

noted t h a t  empir ica l  p i l e  formulas a re  i n  wide use i n  t h i s  

genera l  area;  i n  f a c t ,  many p i l e  concerns place g rea t  

r e l i a b i l i t y  on these formulas and are  c e r t a i n  t h a t  NACA has 

e r r ed  somewhere by  specifying t h a t  p i l e s  be dr iven t o  a 

c e r t a i n  depth r a t h e r  than  t o  a c e r t a i n  number of b l m a  per 

f o o t  

The Committee on the Bearing Value of Pi le  Foundations, 

American 'Society of C i v i l  Engineers, made an extensive s tudy 

of the r e l i a b i l i t y  of dynamic p i l e  formulas. Work b y  

M r .  Cummings revea led  t h a t  all of  the common formu-las are 

i l l o g i c a l  s ince  they are based on an e n t i r e l y  unknown, and 

perhaps nonexis tent ,  r e l a t i o n  between dynamic and s t a t i c  

p i l e  r e s i s t a n c e  The Committee generally concurred i n  the 

conclusion t h a t  no dynamic formula checked s u f f i c i e n t l y  

against  a c t u a l  t e s t a  and e x s r i e n c e  t o  deserve the o f f i c i a l  

approval of the  Committee. 

The Oommittee also concluded t h a t  no one formula- 

givee c o n s i s t e n t l y  more accurate r e s u l t s  than  another * The 



Engineering N e w s  Record Formula was deemed superior  to the 

o the r s  on th8 grounds that was the simplest  t o  use. 

The Engineering Hews Record Formula for  steam 

hammers i s  as  follows: 

where 

Q, (lb) = allowable bear ing  capac i ty  of p i l e  

W ( l b )  = weight of hammer 

H ( f t )  = f a l l  of hammer 

S ( i n . )  = penet ra t ion  under the l a s t  blow 

A comparison of the load t e s t  r e s u l t s  i n  ohapter VI1 

with t h e  noted c a p a c i t i e s  ca lcu la ted  by the  empir ical  

Engineering N e w s  Record Formula c le a r l y  shows the  i r r a t i o n a l  

behavior of sueh formulas. It has also been noted t h a t  

capac i ty  of p i l e  a s  ca l cu la t ed  by the ENRF i s  t o  a la rge  

extent  dependent upon the s i z e  of t h e  hammer used. On one 

la rge  p r o j e c t  on the base,  thse  Gas Dynamics Laboratory, 

two d i f f e r e n t  hammers were used. A p i l e  dr iven by a Vulcan 

No. 2 c o n s i s t e n t l y  reached an ENRF indica ted  capac i ty  of 

20 tons a t  a depth of 40 feet while a p i l e  d r iven  by a 

Vulcan No. 1 j u s t  as c o n s i s t e n t l y  could only reach an EMRF 

capac i ty  of 10 tons.  This discrepanoy i s  probably due t o  

approximately the same energy being needed i n  both cases  t o  

overcome f r i c t i o n  and losses whfch r e s u l t s  dn a grea te r  net 
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percentage l e f t  t o  do work i n  the case of the heavier hammer, 

There is no term i n  the E m ,  however, t o  r e f l e c t  t h i s  i t e m ;  

thua,  by judicious choice of a hammer, a cont rac tor  could 

Seemingly ob ta in  the requi red  capac i ty  w i t h  a sho r t e r  pile 

than would normally be required.  

The E N "  has a t h e o r e t i c a l  s a f e t y  f a c t o r  of s i x  but 

tes ts  in the f i e l d  have shown t h a t  t h e  s a f e t y  f a c t o r  v a r i e s  

from less than 1 t o  more than 20 baaed on s o i l  condi t ions 

and d r iv ing  equipment , 

A t  Langley F ie ld ,  the s a f e t y  f a c t o r ,  which would have 

been obtained by E m ,  has been observed t o  vary between the 

following l i m i t s :  

Lower l i m i t :  Test  Pile No. 2 - Airc ra f t  Load8 

Building (Fig. 7-2) 

u l t ima te  load by f i e l d  t e s t  
allowable load by ENRF Safety factor ~= 

Higher l i m i t :  Test P i l e  - Water Tower Foundation 

(F ig ,  7-16) 

Safe ty  f a o t o r  = = 13.4 

Assuming t h a t  an average s a f e t y  f a c t o r  of about 8 

is obtained f o r  Langley s o i l  by E m ,  where only a s a f e t y  

f a c t o r  of 2.5 is  adequate, approximately three times the, 



number of required p i l e s  would be driven if the E n g i n e e r i q  

N e w s  Record Formula were used a s  a bas i s  of p i l e  capaci ty;  

thus,  the foundation cos t  would needless ly  be t h r e e  times 

a s  g r e a t .  

Empirical  formulas a re  incompatible w i t h  modern s o i l s  

theory i n  yet another way. These formulas, by specifying 

the number of blows per f o o t  as  a s tandard of when t o  Bease 

dr iving,  o f t en  cause, a g rea t  variance i n  p i l e  length  through- 

out a p ro jec t .  It has been e s t ab l i shed  t h a t  set t lement  is 

l i n e a r l y  inverse ly  propor t iona l  t o  p i l e  length f o r  a given 

load. Thus, i t  n a t u r a l l y  follows tha t  the  way t o  avoid 

damageable d i f f e r e n t i a l  sett lement i s  t o  dr ive  a l l  p i l e s  t o  

the same depth providing, of course,  t h a t  boringz have 

revealed s i m i l a r  s o i l  condi t ions.  

D r .  Terzaghi sums up the  case against  p i l e  formulas 

a8 follows: ". . . the use of  the formula on t h e  design of' 

p i l e  foundations i s  unsound on both economical and technica l  

grounds. An exception t o  t h i s  statement can be made onhy if  

the c o s t  of the load t e s t a  i s  greater t han  about one-half 

of the c o s t  of the pile foundation." 



CHAPTER XI 

CORRELATION OF THEORY AND TEST 

RESULTS - -C ONSOLIDAT I O N  

It i$ r e c a l l e d  t h a t  theory predic ted  se t t lements  of 

f a i r l y  large magnitudes due t o  primary consol ida t ion  which 

were not borne out  by f i e l d  measurements. A s  s t a t e d  

previously,  no t h e o r e t i c a l  ana lys i s  i s  avai lable  which would 
- 

enable the  s o i l s  engineer t o  estimate seconUarg consoli- 

dat ion;  it has t o  be observed i n  the  f i e l d  ard r a t e  of 

set t lement  ex t rapola ted  f o r  es t imat ing f u t u r e  set t lements .  

F i e ld  readings t o  date  ind ica t e  t h a t  se t t lemeat  due t o  

secondary consol idat  ion, although neg l ig ib l e  insof &r a% 

ordinary  bu i ld ing  s t r u c t u r e s  are concerned, should be con- 

s idered  i n  the design of  wind tunnels  and s imi l a r  research  

f a c i l i t i e s  where d i f f e r e n t i a l  set t lement  of' approximately 

1/2 inoh could be harmful. 

t h a t  g r e a t  care  should be exeruised i n  the design f o r  any 

foundation which i s  going t o  be subjec t  t o  excessive 

v ib ra t ions  . 

F i e l d  readings a l so  ind ica te  

The computation of primary consol ida t ion  is baaed on 

labora tory  tests i n  which the attempt i s  made t o  dupl ica te  

acltusll f i e l d  boundary condi t ions.  It should be emphasized 

that  un less  t he  assumed hydraulic boundary condi t ions are  



i n  accordance wi th  a c t u a l  drainage condi t ions,  t h e  r e s u l t s  

of a set t lement  computation are - not even approximately 

c o r r e c t  

Such f i e l d  condi t ions as a shallow continuous sand 

stratum, which could e a s i l y  be missed by the borings,  &re 

s u f f i c i e n t  t o  cause acce lera ted  drainage and make the 

computations inco r rec t .  Thus, on ly  i n  a very few a c t u a l  

cases, i s  i t  poss ib le  t o  make an accurate  sett lement 

es t imate;  the usual  p rac t i ce  i s  t o  make conservative 

assumptions such t h a t  an upper l i m i t  f o r  set t lement  i s  

obtained and provided f o r  i n  the design. 

It is probable t h a t  the s o i b t e n g i n e e r s  a t  b o t h  the 

Haller Tes t ing  Laboratories and the  Waterways Ezperiment 

S t a t  ion made t h e o r e t i c a l  - set t lement  computations s imi l a r  t o  

computations made i n  chapter V I  because, i n  both cases ,  

se t t lements  of approximately the same magnitude were 

estimated; f i e l d  readings on these p r o j e c t s  a l s o  f a i l e d  t o  

record any appreciable primary consol idat ion.  

Various s o i l  l abo ra to r i e s  have found i t  extremely 
P 

d i f f i c u l t  t o  c l a s s i f y  the c h a r a c t e r i s t i c s  of the grey s i l t y  

sand as e i t h e r  ngranular'f o r  ffcohesive." By g r a i n  s i z 0 ,  

the s o i l  i s  d e f i n i t e l y  "graxml&~t; hotwevw, tests r evea l  

t h a t  the gra ins  a re  separated by a t h i n  f i l m  of c l a y  and 

s i l t  so t h a t ,  with no normal load act ing,  the s o i l  e x h i b i t s  

ncohesiv8tf p rope r t i e s  only.  It is intertsrstlng t o  note that 

a 



the s o i l  study conducted by the  Ha l l e r  Laboratories con- 

sidered the s o i l  "granular t t  while those conducted by the 

Universi ty  of Michigan considered the  s o i l  "cohesive .I1 

A probable explanat ion of - the  discrepancy between 

f a c t  and theory,  regarding primary consol idat ion,  follows 

from the above. It i s  t h a t ,  i n  some manner, t h i s  f i l m  

between gra ins  i s  broken causing the sand gra ins  t o  come 

in to  contact  and, thus,  t o  r e s i s t  consol idat ive sett?ement 

by f r i c t i o n .  

would tend t o  compact the s o i l ,  t h a t  is, placement o f  an 

T h i s  f i l m  could be broken i n  any manner which 

e x t e r n a l  load o r  d i sp l ac ing  s o i l  by p i l e  driving. 

Some subs t an t i a t ing  evidence i s  ava i lab le  t o  

s t rengthen t h i s  theory.  On the Landing Loads t rack,  close 

measurements of heave due t o  p i l e  d r iv ing  were recorded; 

although heave of a small magnitude was noted, i t  was 

obvious t h a t  most of the s o i l  was displaced l a t e r a l l y  

reducing the voids i n  the surrounding s o i l .  Thus, i t  would 

seem t o  follow t h a t  high displacement p i l e  would be moat 

s a t i s f a c t o r y  f o r  l o c a l  s o i l  condi t ions.  An examinat ion of 

the load t e s t s  i n  chapter VI1 r e v e a l s  t h i s  t o  be a f a c t ;  

i t  i s  seen t h a t  the high displacement Raymond t ape r  p i l e  

t e s t e d  super ior  t o  the c y l i n d r i c a l  type. The author f e e l s  

t h a t  the high c a p a c i t i e s  obtained on p i l e s  from load t e s t s  

are s u f f i c i e n t  proof t h a t  t h e  f i l m  i s  broken and f r i c t i o n  

between g ra ins  becomes paramount, t h a t  is, t h a t  the s o i l  
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becomes pr imar i ly  granular  i n  ac t ion ,  Further  evidence t h a t  

soil a c t s  as a sand i s  ava i l ab le  from the time-sett lement 

readings of the Freon compressor foundation (Fig. 8-3 ) .  

Increased se t t lement  waa noted during opera t ion  of t h e  

compressor; s imi l a r  v ib ra to ry  methods a re  o f t en  used t o  

compact sand while having neg l ig ib l e  e f f e c t  on oohesive 

soils. 

It is  r e g r e t t e d  t h a t ,  of necess i ty ,  the s o i l  samples 

t e s t e d  i n  the laboratory a r e  taken p r i o r  t o  p i l e  driving 

disturbance and, t he re fo re ,  do not represent  au tua l  field 

condi t ions.  However, it is bel ieved t h a t  the discrepancy 

between the theory  predicted sett lement and f i e l d  readings 

can b e s t  be explained by the f i l m  between gra ins  being 

broken r a t h e r  than f a i l u r e  t o  dupl icate  f i e l d  boundary 

condi t ions in the laboratory.  



CHAPTER x r I  

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

The following r e s u l t s  have been es t ab l i shed  i n  th i s  

t h e s i s  f o r  the  grey s i l t y - sand  s t ra tum a t  Langley F i e l d ,  

Virginia .  
-B 

(I) Various p rope r t i e s  of the grey s i l t y  sand were 

determined by laboratory t e s t .  The most important and 

use fu l  are  t h e  soil's cohesion value and i t s  angle of 

i n t e r n a l  f r i c t i o n .  It was d&term.insd that their average 

values  are:  

c = 0.33 tons  per  square f o o t  

g7= 240 

.(2) For t h e  design of spread foot ings ,  t h e o r e t i c a l  

ana lys i s  gives  a s u f f i c i e n t l y  aocurate es t imate  of a 

f o o t i n g ' s  u l t imate  bear ing  capaoi ty  t o  warrant r e l i a b i l i t y .  

Theore t ica l  ana lys i s  estimates a p l a t e ' s  bearing capac i ty  

with no surcharge as 11 tons per square foot :  i n  a t e s t ,  

the  s o i l  a c t u a l l y  f a i l e d  a t  8 tons per square f o o t ,  

( 3 )  Neither t h e o r e t i c a l  analyses nor dynamic p i l e  

formulas gives  a s u f f i c i e n t l y  a c c w a t e  est imate  of p i l e ' s  

load-carrying capac i ty  t o  warrant t h e i r  use. Both methods 

c o n s i s t e n t l y  underestimate a p i l e  ( a  capac i ty  by a t  l east  

100 pel?- c e n t ,  

94 
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(4) F i e l d  recorder on seve ra l  p r o j e c t s  r evea l  t h a t  

primary consol idat ion i s  negl ig ib le  despite the  opposing 

predic t ions  obtained by usua l  s o i l ' s  theory.  Sett lement 

readings have f a i l e d  t o  ind ica te  any set t lement  due t o  

primary consol idat  ion even where theory est imates  set t lement  

of approximately 4 inches.  

( 5 )  Two warning s i g n a l s  a re  noted from the f i e l d  

set t lement  readings; t hese  a r e  (1) secondary consol ida t ion  

i s  not neg l ig ib l e  when 1-inch set t lements  are  c r i t i c a l  and 

( 2 )  foundations may s e t t l e  s e r i o u s l y  i f  subjected t o  

c on t inua l  v ib  r a t ion. 

From these r e s u l t s ,  i t  is concluded t h a t  ne i the r  

theory nor tes t  r e s u l t s  a re  s u f f i c i e n t  alone but must ba 

used i n t e g r a l l y  by  an engineer experienced i n  t h e  assumptions 

involved. The l o g i c a l  oonclusion reached i s  t o  use the 

t h e o r e t i c a l  ana lys i s  f o r  spread foo t ing  design, load t e a t  

r e s u l t s  f o r  p i l e  design, and some combination of theory and 

f i e l d  r e s u l t s  f o r  Sett lement ana lys i s ,  However, i n  each 

. 

c a m ,  a knowledge of Soils is neoeaaary t o  determine OP 

eatimate the s o i l  cons tan ts ,  t o  i n t e r p r e t  t e s t  r e s u l t s  cor- 

r e c t l y ,  and t o  choose an appl icable  s a f e t y  f a c t o r ,  The 

items inf luenc ing  the s o i l  engineer 's  decis ions w i l l  be 

discus8ed more thoroughly i n  the following paragrapha per- 

t a i n i n g  t o  the author ta  recommendations f o r  fu tu re  foundation 



On any fu tu re  p r o j e c t s  of a l a rge  magnitude i n  which 

the  u t i l i z a t i o n  of spread foo t ings  i s  planned, a smal l  s o i l s  

i n v e s t i g a t i o n  should s u f f i c e .  T h i s  s o i l s  i nves t iga t ion  

should conta in  the following items: 

(1) Approximately f i v e  borings,  50 f e e t  deep 

( 2 )  Sieve ana lys i s  of samples a t  lo-foob i n t e r v a l s  

( 3 )  T r i - a x i a l  shear t e s t s ,  two per  hole 

The borings are  necessary t o  a s c e r t a i n  the c o n t i n u i t y  

of the  s o i l  stratum. The gradat ions w i l l  serve a s  checka 

f o r  the  comparative da t a  of gradat ions contained i n  

chapter  I V .  From the t r i - a x i a l  shear  t e s t s ,  t he  engineer 
D 

can ob ta in  design values of cohesion ( e )  and the angle of 

i n t e r n a l  f r i c t i o n  (8) .  It is  t h e n  recommended t h a t  the 

designer use t h e  t h e o r e t i c a l  analyses  i n  chapter V as design 

procedure. It i s  urged t h a t  t he  minimum s a f e t y  f a c t o r  

of 2.5 be appl ied t o  ob ta in  allowable bear ing c a p a c i t i e s .  

For spread foot ings  on smal l  p r o j e c t s  where the c o s t  

of even the above ou t l ined  s o i l s  i nves t iga t ion  would be 

unwarranted, i t  is recommended t h a t  the average values 

of c and contained i n  the summary be used i n  conjunc- 

t i o n  with the theory  i n  chapter  V f o r  design. However, due 

t o  the lack of a suba tan t i a t lng  5 O i P S  i nves t iga t ion ,  a 

s a f e t y  f a c t o r  of 3 should be appl ied.  

Since bear ing capac i ty  and the magnitude of s e t t l e -  

ment both vary w i t h  r e spec t  t o  p i l e  length,  i t  i s  necessary 
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i n  Specifying a p i l e  length t o  a s c e r t a i n  i t s  adequateness 

on both counts.  Another f a c t o r  inf luencing the  allowable 

bear ing oapaoity of a p i l e  i s  the m a t e r i a l  of t he  p i l e  

i t s e l f .  The fol lowing tab le  ( re ference  1 3 )  recommends the 

following allowable loads f o r  var ious type p i l e s .  

Type of p i l e  Allowable load ( tons ) 

Wood 15-25 
Composite 20-30 

Cast -in-place c oncre t e t  30-40 

Precast reinforced concrete  30-45 
S t e e l  H-section 50-45 

General procedure t o  date a t  NACA when a p i l e  

foundation I s  requi red  is t o  choose on the b a s i s  of' 

wonomy between a 4O-foot, 15-ton design capac i ty ,  timber 

p i l e  and a 3o-f00t, 30-ton design capac i ty ,  l a rge  d isp lace-  

ment tapered ooncrete  p i l e .  These two types and lengths  of 

p i l e a  have proved s a t i s f a c t o r y  i n  t h a t  se t t lement  has been 

neg l ig ib l e .  Although t h e  safety f a c t o r  against  f a i l u r e  i n  

both caees i s  u l t ra -conserva t ive ,  ca re  must be exerc ised  i n  

r e v i s i n g  the p i l e  lengths  and/or allowable capac i ty  t o  

guard against  exoeasive set t lement  

The author recommends, however, t h a t  a oont iw ia l  

attempt be made t o  lower the  s a f e t y  f a c t o r  by increas ing  

the allowable bear ing capac i ty  and/or decreasing t h e  p i l e  



length.  The r ev i s ions  should be t e s t e d  f i rs t  on bui ld ings  

of ord inary  construe t i o n  where a small  add i t iona l  set t lement  

would be harmless. If set t lement  does not become excessive,  

the  rev ised  allowable loads and/or lengths  could then  be 

appl ied t o  the wind-tunnel foundations.  It is recommended 

t h a t  the following s t eps  be followed: 
0 

For Concrete Tapered P i l e s  

A t  present  - 30 fee t  50 tons capac i ty  

Step 1 - 30 f e e t  40 tons capac i ty  

S tep  2 - 25 f e e t  40 tons capac i ty  - 

For Wood P i l e s  

A t  p resent  - 40 feet  15 kons capaoi ty  

s t e p  1 - 40 f ee t  25 tons capacit; 

Step 2 - 30 f e e t  25 tons capaoi ty  

Bsleed on pas t  t e s t s ,  i t  is bel ieved that the capac i ty  

and length s ta ted  i n  s tep  2 of each type p i l e  w i l l  s a t i s f y  

the  s a f e t y  f a c t o r  requirements;  needless  t o  say, t h i s  ahould 

be checked by load t e s t s  on each p ro jec t .  Accurate l e v e l  

readings are necessary t o  determine when and i f  it i s  

fea81ble t o  progress from present  s t a t u s  t o  step 1 and 

from s t e p  1 t o  s t e p  2.  To the author,  i t  appears qu i t e  

l i k e l y  t h a t  s t e p  2,  i n  each c a m ,  w i l l  prove s a t i s f a c t o r y .  

Since i t  seems l o g i c a l  t o  assume tha t  the same f a c t o r s  

which inf luence prirnary consol idat ion w i l l  inf3cl;lsnce see- 

ondary consol idat  ion,  the following procedure i s  recommended 
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f o r  set t lement  analyses.  First ,  make a complete set t lement  

a n a l y s i s  baaed on theory contained i n  chapter V I ;  i n  th i s  

manner, the t h e o r e t i c a l  set t lement  of each foo t ing  w i l l  be 

ca l cu la t ed  and tabula ted .  

se t t lements  i n  l i n e  wi th  a c t u a l  f i e l d  r e s u l t s  w i th  a sa fe ty  

f a c t o r  of two, t he  second s t ep  is t o  a r b i t r a r i l y  r e v i s e  the 

To b r ing  these  t h e o r e t i c a l  

maximum t h e o r e t i c a l  set t lement  t o  2 inches and t o  p ro ra t e  

a l l  o t h e r s  accordingly; these se t t lements  should be termed 

"preliminary design set t lements , t t  

These prel iminary des ign  se t t lements  should be 

r e f e r r e d  t o  t h e  s t r u c t u r a l  engineer involved f o r  h i a  study. 

If' t he  s t rmctura l  engineer ' s  study r e v e a l s  t h a t  these 

se t t lements  w i l l  not p l sce  undue s t r e s s  on the u t r u c t u r e ,  

these se t t lements  could be desi8nated " f i n a l  design 

set t lements ."  If the s t r u c t u r a l  engineer f i n d s  tha t  t h e  

d i f f e r e n t i a l  set t lement  i s  excessive,  the foot ings  should 

be redesigned t o  reduce the d i f f e r e n t i a l  set t lement ,  tbs 

set t lement  r eoa lcu la t ed  and prora ted ,  and a new set of 

"prel iminary design set t lements"  forwarded t o  the  s t r u c t u r a l  

engineers. 

The above reaommendations are basad p a r t l y  on theory, 

partly on t e s t  r e s u l t s ,  and p a r t l y  upon experience and 

oommon sense. It is bel ieved t h a t  the incorporat ion of 

these recommendations i n  f u t u r e  design w i l l  a f f e c t  a saving 

t o  the  Government as wel l  a8 r e s u l t i n g  i n  sound t echn ioa l  

de s ign 
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